Single ventricle anomaly is one of the complex congenital heart defects. A dependable non-invasive method of evaluation of Fontan circulation haemodynamics for early diagnosing unstable patients is hardly available in routine clinical practice. The aim of the study is non-invasive evaluation of the haemodynamic parameters in patients after Fontan operation. Materials and method. The study involved 11 participants (age 24.4±4.3 years) with functionally univentricular hearts after Fontan operation. Evaluation of haemodynamic parameters was performed in supine and sitting positions using the impedance cardiography method. Results. In comparative analysis, heart rate (70.1 vs.78.3 1/min; p=0.001), diastolic blood pressure (73.9 vs. 76.7 mm Hg; p=0.026), mean arterial blood pressure (84.5 vs. 88.0 mm Hg; p=0.013), systemic vascular resistance (1284.8 vs. 1334.9 dyn*s*cm -5 ; p=0.024), systemic vascular resistance index (2178.7 vs. 2272.8 dyn*s*cm -5 *m 2 ; p=0.018), pre-ejection period (124.2 vs. 136.2 ms; p=0.009), systolic time ratio (0.43 vs. 0.53; p=0.0001), and Zo (26.2 vs. 28.7 Ω; p<0.00001), were significantly higher in the sitting position. Stroke volume (75.4 vs. 68.5 ml; p=0.013), stroke index (42.7 vs. 39.0 ml*m -2 ; p=0.014), thoracic fluid content (38.5 vs. 35.4 1*kΩ -1 ; p=<0.00001), thoracic fluid content index (22.8 vs. 21.0 1*kΩ -1 *m -2 ; p=<0.00001), and leftventricular ejection time 291.1 vs. 260.1 ms; p=<0.00001, were significantly higher in the supine position. Conclusions. In patients after Fontan procedure, impedance cardiography can be a useful tool the assessment of shortterm haemodynamic changes provoked by postural changes. Its clinical value in patients with congenital heart defects should be further investigated.
INTRODUCTION
A significant number of all patients undergoing surgery for congenital cardiac disease are those with a functionally univentricular heart [1] . In the European Association for Cardio-Thoracic Surgery, Congenital Heart Surgery Databases and the Society of Thoracic Surgeons Fontan constituted 3.2% of all cardiac operations during 4 years observation [1] . The blood circulatory system in healthy subjects consists of the systemic and pulmonary circulation [2] . In patients after Fontan operations, there is a need for compensation for the lack of a subpulmonary ventricle [3] . The Fontan operation was first performed in 1968 and is a functional palliation for patients with univentricular anatomy. It is also connected with higher mortality and morbidity in adults [4, 5] . Most patients after a Fontan-type procedure have a good quality of life. On the other hand, a significant number of patients develop late haemodynamic complications, e.g. heart failure, supraventricle arrhythmias, pericarditis, pleural effusion, pulmonary vessels hypoplasia, high pressure in pulmonary vasculature (resistance), elevated central venous pressure and protein-losing enteropathy [6] . Current treatment regimens do not reliably predict a good or bad result. A dependable non-invasive method of evaluation of Fontan circulation haemodynamics for early diagnosing unstable patients is hardly available in a routine clinical practice.
Haemodynamic changes connected with Fontan surgery intervention may increase morbidity and mortality in this group of patients, but the causes are poorly recognized [7, 8] .
A common phenomenon observed in patients with single ventricle circulation is an elevated pulmonary vascular resistance index. It is often difficult to identify because of low cardiac output (CO) [7] . ICG as a non-invasive and repeatable diagnostic method can be useful for SV and CO assessment before surgery, and in post-operative period. There are other methods of non-invasive CO estimation, such as echocardiography and magnetic resonance imaging, but continuous measurement may be crucial in this group of patients [9, 10] . ICG measures changes of electrical bioimpedance of the thorax during blood flow volume changes in the aorta, and determines CO and SV. During systole, morphotic elements of blood are aligned (lower impedance) and during diastole are randomly orientated (higher impedance) [10] . In recent years, it has been suggested that CO and SV measurement and the calculation of peripheral resistance might be instrumental in the diagnosis, treatment and risk stratification of paediatric cardiac patients [11] .
The aim of the study is non-invasive evaluation of haemodynamic parameters in patients after Fontan operation.
MATERIALS AND METHOD
Eleven patients (24.4±4.3 years) with functionally univentricular hearts after Fontan-palliation were enrolled in the study. All patients underwent physical examination, electrocardiography (ECG), echocardiography, impedance cardiography (ICG), oxygen saturation measurements and laboratory tests. There are many studies that confirmed ICG as a reliable and cost-effective method of haemodynamic assessment in different groups of patients [12] [13] [14] [15] . Impedance cardiography. ICG was performed twice: during a 6-minute rest period in the supine position, and afterwards in thesitting position using a Niccomo™ device (Medis, Ilmenau, Germany). Eight spot electrodes and a cuff manometer were used. Blood pressure was evaluated three times during recording.
Haemodynamic parameters were measured continuously and their values were recorded beat-to-beat. Specific calculations conducted as part of further analysis were based on the values obtained in the supine and sitting positions. The quality of all measurements was high, and no relevant errors were noted. Statistical analysis. Statistica 12.0 (StatSoft, Inc., Tulsa, USA) for statistical analysis was used. Kolmogorov-Smirnov test was used for data distribution and normality. Continuous variables are presented as means ± standard deviation (SD). Categorical variables are presented as absolute values and percentages. Dependent samples t-test was used for associations between haemodynamic parameters. The p-value of <0.05 was considered statistically significant.
RESULTS
Eleven patients after the Fontan operation were examined. Based on each patient's history, the NYHA scale was assessed. Four patients did not report impairment of exercise tolerance (NYHA I), 5 moderate impairment (NYHA II), 1 patient reported worsening exercise tolerance in recent months (NYHA II/III), and 1 is on the active heart transplant list.
Other important factors were also been analyzed which may be relevant in long-term prognosis. Two patients had protein-losing enteropathy, another 2 patients had asymptomatic thrombocytopenia, and 2 patients presented a complete atrio-ventricular block requiring epicardial pacemaker implantation. In 1 patient in the ECG and Holter ECG, ventricular arrhythmias was found.
The majority of patients did not require pharmacological treatment in addition to the prophylactic dose of acetylsalicylic acid. Three patients were provided with Sildenafil, 2 of them due to protein-losing enteropathy (additionally spironolactone, vitamin K antagonist and a high-protein diet). None of the patients presented central cyanosis; mean oxygen saturation was 96 ± 2.53%. The average BNP level was 38.77 ± 39.46 pg/ml (reference <73 pg/ml). BNP was distinctively high in 1 patient (included on the active heart transplant list).
Echocardiography. Seven patients underwent fenestrated
Fontan-paliation, but only in 1 patient in the current echocardiographic study. Echo examination revealed laminal flow in Fontan circulation in all patients, a severely impaired ejection function of single ventricle in 2 (1 patient on the active heart transplant list), and a significant aortic insufficiency in another (the patient was qualified for aortic valve replacement) and a severe common atrio-ventricular valve insufficiency in 1 patient. Impedance cardiography. Haemodynamic parameters of the participants are presented in Table 1 . 
DISCUSSION
Patients after Fontan procedure are one of the most challenging patients in clinical practice. Heart failure is common in this group of patients. Understanding the haemodynamic mechanism and monitoring its specific Changes in posture at rest are associated with significant changes in left ventricle (LV) filling and SV. A transition from the supine to the sitting position produces a decrease in LV end-diastolic pressure and volume and in SV [16] . In the study by Egbe et al., the highest risk of Fontan failure was the combination of high pulmonary vascular resistance index and low CI [17] . Fontan circulation is characterized by low CI, continuous lung perfusion and systemic venous hypertension [18] . Key features of the Fontan ventricle are early volume overload and overgrowth. Because of the absence of subpulmonary ventricular stimuli, preload reserve for the systemic ventricle is reduced. In the current study, preload (TFC) decreased significantly in the sitting position. TFC and Zo reflect the changes in amount of blood in the thorax. SI decreased but the heart rate frequency increased in response to lower non-pulsative inflow to the pulmonary artery. In this way, the CI was at the same level compared with the data obtained in the supine position.
In Fontan circulation, patients preload controls CO and increase in HR shorten the ventricular filling time and negatively impact SI [19] . Blood pressure and SVRI increased significantly in response to decrease in the amount of blood. Changes in posture at rest are associated with significant changes in LV filling and SV. A transition from the supine to the sitting position produces a decrease in SV, probably because of afterload increase, lack of preload and/or impaired ventricular function. The higher resting SI observed in the supine position may be caused by the increased pulmonary capillary filling [19] .
Data from this study indicate that during the supine and sitting positions in patients after the Fontan procedure, both the Frank-Starling mechanism and increased HR frequency play a role in CO. Previous studies showed that CO is the main limitation factor for Fontan surgery patients, especially by chronotropic incompetence or by inadequate increase of SV for others [20] . In the current study, no significant changes in CO and CI were observed, which were observed previously in exercise tests. SVR, SVRI and HR were significantly higher in the sitting position to compensate for lower SV to maintain CO. In a study by Legendre et al., reduced SV and insufficient HR increase reserve were responsible for reduced CI upright ramp cycle exercise [20] .
There are several studies of the vasodilatory effect of oxygen on the pulmonary vasculature for evaluation of effectiveness of the ventilatory pump [21] . In healthy subjects, hyperoxaemia increases the pulmonary blood flow and decreases the HR, but CO is only slightly changed [22] . According to a study by Thompson et al. , STR (PEP/LVET) measurement can be a reliable method for evaluation of ventricular systolic function, and differentiate patients with preserved and impaired ventricular systolic function [23] . In observations in the presented study, STR was elevated in the sitting position, which indicates impaired ventricular systolic function. Castellanos et al. reported that brain natriuretic peptide (BNP) and STR had a significant and independent predictive value for a long-term clinical outcome [24] .
The small number of patients is a limitation in the presented study. Despite the advantages of the ICG method and its ability to monitor multiple haemodynamic parameters, there are also limitations which can significantly reduce measurement accuracy, e.g. low height (<120 cm) of the patient, incidence of arrhythmias and severe insufficiency of the mitral or aortic valve [25] . None of the patients fulfilled the exclusion criteria.
CONCLUSION
In patients after Fontan procedure impedance cardiography can be a useful tool for the assessment of short-term haemodynamic changes provoked by postural changes. Its clinical value in patients with congenital heart defects should be further investigated. 
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